Introduction
============

Endosymbiosis is a relationship in which members of one species live inside another species; nitrogen-fixing nodular symbiosis of leguminous plants with the bacteria collectively called *Rhizobium* exemplifies this type of liaison (Madsen *et al*., [@b43]; Oldroyd *et al*., [@b52]). Nitrogen-fixing nodular symbiosis is not ubiquitous, and although pertinent to most legumes it is known in only a very limited number of non-leguminous plants that all belong to a single phylogenetic clade (Soltis *et al*., [@b61]; Doyle, [@b12]). Uncovering the attributes which shape the ability of plants to host nitrogen-fixing bacteria constitutes a subject of intense study (Charpentier and Oldroyd, [@b9]; Held *et al*., [@b25]; Desbrosses and Stougaard, [@b10]).

In most legume--*Rhizobium* systems the host plant permits rhizobia to enter root tissues through a highly orchestrated process involving the development of plant plasma membrane-derived conduits called infection threads (ITs) (Jones *et al*., [@b27]; Fournier *et al*., [@b16]). This process is initiated in response to a chemical *tête-à-tête* between the interacting partners which, if successful, culminates in the production of rhizobially derived lipo-chitooligosaccharide signaling molecules known as nodulation factors (NFs) (Lerouge *et al*., [@b39]; Bek *et al*., [@b2]). The perception of NFs by specific plant receptors (Madsen *et al*., [@b42]; Radutoiu *et al*., [@b57]; Broghammer *et al*., [@b6]) incites, among other things, the formation of ITs, although the physical presence of bacteria is required for this process to take place.

Infection threads are guided inside the host roots (van Brussel *et al*., [@b7]; Timmers *et al*., [@b66]). They extend transcellularly, through a tip growth-like mechanism, from the epidermis or subepidermal cortex towards a subtending region of dividing cortical cells that have initiated the formation of a nodule primordium (NP) (Brewin, [@b5]; Fournier *et al*., [@b16]). Rhizobia are released from ITs inside a subset of NP cells, where they undergo differentiation to bacteroids in confined organelle-like compartments called symbiosomes (Kereszt *et al*., [@b31]). In functional nodules, bacteroids fix atmospheric nitrogen to ammonia (Oldroyd *et al*., [@b51]). This is supplied for utilization by the plant at the expense of photosynthetic carbon, which is provided by the host to support bacterial respiration (Oldroyd *et al*., [@b50]).

The mechanism by which plants regulate the intracellular uptake of symbiotic bacteria, while only partially understood (Jones *et al*., [@b27]; Held *et al*., [@b25]; Madsen *et al*., [@b43]; Murray, [@b45]), has been shown to primarily depend on various outputs that are associated with the perception of NF and resultant downstream signaling (Oldroyd *et al*., [@b51]; Sieberer *et al*., [@b59]; Xie *et al*., [@b72]; Liang *et al*., [@b40]). A key step in this process is the NF-dependent activation of an ancient root response pathway called the common symbiosis pathway, which also supports endosymbiosis with arbuscular mycorrhizal fungi (Duc *et al*., [@b14]; Kistner *et al*., [@b33]; Parniske, [@b53]; Bonfante and Genre, [@b3]). Recent data have highlighted the significance of NF-dependent calcium influx (Morieri *et al*., [@b44]) and changes to the actin cytoskeleton (Yokota *et al*., [@b74]; Hossain *et al*., [@b26]) in mediating rhizobial infection.

Another important aspect of intracellular accommodation is the relationship between infection and the formation of a NP (Oldroyd and Downie, [@b49]; Madsen *et al*., [@b43]). Although empty nodule structures can be induced on legume roots in the absence of rhizobia (Gleason *et al*., [@b17]; Tirichine *et al*., [@b67]; Hayashi *et al*., [@b24]), the presence of infection has been shown to affect nodule organogenesis (Guan *et al*., [@b21]). Conversely, there is evidence that events associated with NP formation participate in directing rhizobial infection. For example, in *Lotus japonicus,* which develops determinate nodules (Szczyglowski *et al*., [@b65]), impairment of the *Lhk1* cytokinin receptor gene leads to an initial absence of NP, but roots of the *lhk1-1* mutant become hyperinfected by *Mesorhizobium loti* (Murray *et al*., [@b47]). The progression of ITs inside the root cortex is more profuse in *lhk1-1* than in wild-type *L. japonicus* but it is also aberrant. This is reflected by a transient stalling of ITs, such that they loop within the root epidermis or subepidermal cortex, appearing to have lost direction (Murray *et al*., [@b47]). In the *Medicago truncatula Mtcre1* mutant, which carries a deleterious mutation in the presumed ortholog of *Lhk1* root hair ITs are formed but their further progression is hindered such that infection mostly fails to enter the root cortex (Gonzalez-Rizzo *et al*., [@b18]; Plet *et al*., [@b56]). The more restrictive phenotype of the *M. truncatula Mtcre1* mutant reflects perhaps a closer relationship between bacterial infection and NP formation during indeterminate nodule formation. Nevertheless, observations in both *L. japonicus* and *M. truncatula* indicate that differentiation of NP is pertinent to developing infections, regardless of the type of nodule formed.

In the same context, diploid NP cells appear to be unsuitable for the accommodation of bacteria (Truchet, [@b68]; Gonzalez-Sama *et al*., [@b19]). Progression of a subset of NP cells through cessation of the cell cycle and the subsequent endocycle-dependent increase in nuclear DNA content and cell volume have been considered as essential for the differentiation of infected nodule cells (Cebolla *et al*., [@b8]; Vinardell *et al*., [@b70]; Gonzalez-Sama *et al*., [@b19]). We describe here the identification of a *L. japonicus* symbiotic mutant called *suner1-1* that exhibits a transient defect in nodule development. We show that the underlying mutation affects a gene encoding a predicted subunit A of a topoisomerase VI (TOPO 6A). Our data demonstrate that in *L. japonicus* the presence of intact SUNER1 TOP6A is required for normal progression of rhizobial infection and timely differentiation of nitrogen-fixing nodules.

Results
=======

*Lotus japonicus sup8-1A* mutant line
-------------------------------------

Among the many symbiotic variants identified through a genetic screen for suppressors of the *L. japonicus har1-1* hypernodulation phenotype (Murray *et al*., [@b46]), a line called *suppressor8-1A* (*sup8-1A*) was selected for further analysis. At 14 days after inoculation (dai) with *M. loti*, the *sup8-1A* mutant showed an attenuated nodule development phenotype, which was also reflected by enhanced root elongation in comparison with the parental *har1-1* line (Figure[1](#fig01){ref-type="fig"}a, b). Mapping experiments positioned the presumed 'suppressor' locus to a unique location on *L. japonicus* chromosome 5, which was subsequently confirmed by the identification of the causative gene. For reasons described below, this gene was named *SUNERGOS1* (*SUNER1*) and the corresponding mutant allele is referred to hereafter as *suner1-1*.

![The *Lotus japonicus sup8-1A* (*suner1-1 har1-1*) mutant.(a)--(d) At 14 days after inoculation (dai) with *Mesorhizobium loti*, the *har1-1* parental line (a) develops numerous nodules, which also limits root and shoot growth. The *sup8-1A* mutant (b) shows attenuated nodule development and enhanced root elongation. In both the parental *har1-1* (c) and *sup8-1A* (d) lines, cell divisions for nodule primordium (NP) formation and root infection by *M. loti* (blue color) are initiated; however, these are significantly attenuated in *sup8-1A* and the infection process is stalled either at the epidermis or within the outer cortex above the subtending NP. The double-headed arrow in panel (d) points to a root hair infection thread (IT), while open arrowheads signify aberrant cortical infection events. Root segments were sectioned longitudinally following histochemical staining at 7 dai with *M. loti* carrying the *hemA*:*LacZ* reporter gene (c, d).(e) Scores of nodulation events at 7, 14 and 21 dai; values represent the mean value ± 95% CI (*n *=* *10). Asterisks denote a statistically significant difference (Student\'s *t*-test, *P *≤* *0.05).](tpj0078-0811-f1){#fig01}

*suner1-1* attenuates symbiotic development
-------------------------------------------

To gain insight into the underlying symbiotic defect in *sup8-1A* (i.e. the *suner1-1 har1-1* double mutant), roots from seedlings inoculated with a *M. loti* strain carrying the *hemA:LacZ* reporter gene fusion were analyzed. Root hair infections and subtending cortical cell divisions for NP organogenesis were present in the double mutant. However, unlike in *har1-1*, where at 7 dai the localized cortical cell divisions led to formation of well-defined NP and colonized nodules (Figures[1](#fig01){ref-type="fig"}c), these processes were diminished in *suner1-1 har1-1*. The most obvious differences were the presence of a more compact NP and a significantly decreased number of nodules (Figure[1](#fig01){ref-type="fig"}d, e), suggesting a developmental defect in *suner1-1 har1-1*. The extent of root colonization by *M. loti* at 7 dai also appeared to be diminished in the mutant. Infection threads readily formed within root hairs but were misdirected and less ramified within the subtending NP (Figure[1](#fig01){ref-type="fig"}d).

During subsequent stages, at 14 and 21 dai, the nodulation phenotype of the mutant increasingly resembled that of the parental line, suggesting that the apparent early symbiotic defect in *suner1-1 har1-1* was being overcome (Figure[1](#fig01){ref-type="fig"}e).

Taken together, these observations suggested that although epidermal infection and cortical cell divisions are initiated in *suner1-1 har1-1*, their subsequent progression is temporarily halted as if these two converging symbiotic processes have become incompatible or lost their synergy. Reflective of this fact, the underlying locus has been named *SUNERGOS1* (*SUNER1*), from the Greek word *syn-ergos*, meaning 'working together'.

The *suner1-1* single mutant phenotype
--------------------------------------

Like *suner1-1 har1-1*, the *suner1-1* single mutant carrying the wild-type homozygous *HAR1* locus initially showed a low nodule number phenotype, even though NP were readily formed. At 7 dai, the average number of nodules was significantly lower in *suner1-1* compared with wild-type *L. japonicus* Gifu of the same age (Figure[2](#fig02){ref-type="fig"}a). This difference, however, rapidly diminished, such that at 14 dai the average number of nodules in *suner1-1* was approximately 65% of the wild-type number. At 21 dai, the *suner1-1* nodulation phenotype was not significantly different from the wild type (Figure[2](#fig02){ref-type="fig"}a).

![*suner1-1* shows only a transient mutant symbiotic phenotype.(a) Scores of nodule primordia and nodules formed at 7, 14 and 21 days after inoculation (dai) in wild-type *Lotus japonicus* Gifu and *suner 1-1*; values represent the mean ± 95% CI (*n *=* *10). Asterisks denote a statistically significant difference (Student\'s *t*-test *P *≤* *0.05).(b)--(d) Three different stages of wild-type nodule development. (e)--(g) The corresponding stages in *suner1-1*. Note misdirected infection threads (IT) in *suner1-1* (e) (blue and arrowhead).](tpj0078-0811-f2){#fig02}

In wild-type plants, ITs readily penetrate subtending regions of cortical cell divisions (Figure[2](#fig02){ref-type="fig"}b) where they ramify within the NP (Figure[2](#fig02){ref-type="fig"}c) to form fully colonized nodules (Figure[2](#fig02){ref-type="fig"}d). These events were also present in *suner1-1* (Figure[2](#fig02){ref-type="fig"}e--g) except that, in at least some instances, the progression of the infection appeared to be stalled at the interface between the epidermis and cortex or within the subepidermal cortex above the subtending NP (Figure[2](#fig02){ref-type="fig"}e). As in *suner1-1 har1-1*, misdirected ITs were present in *suner1-1*, migrating parallel to the longitudinal axis of the root instead of growing inside the subtending NP (see below). This defect was rapidly overcome, such that only a few such aberrant infection events could be found in individual *suner1-1* roots and wild-type nodules were readily formed (Figure[2](#fig02){ref-type="fig"}f, g). It is worth noting that the average number of epidermal ITs in *suner1-1* was not significantly different from that in the wild type (Figure S1).

The *suner1-1* mutation is temperature sensitive
------------------------------------------------

Given the subtle and ephemeral symbiotic deficiency in *suner1-1*, we sought conditions that could enhance the mutant phenotype. One approach taken was to examine whether the *suner1-1* mutation is temperature sensitive. Indeed, when grown at 28°C *suner1-1* showed an enhanced nodulation defect in comparison with plants grown under the usual 21°C regime (Figure[3](#fig03){ref-type="fig"}a). At 7 dai this was reflected by the absence of emerged nodules (i.e. those which bulge out of the root epidermis) (Figure[3](#fig03){ref-type="fig"}b). Unlike nodules formed 14 dai at 21°C (Figure[3](#fig03){ref-type="fig"}a), most emerged nodules on *suner1-1* roots grown at 28°C remained small and could readily be distinguished from those of the wild-type control (Figure[3](#fig03){ref-type="fig"}b, c).

![The *suner1-1* mutation confers a temperature-sensitive nodulation phenotype.(a) When grown at 21°C the *suner1-1* mutant forms mostly wild-type looking nodules.(b) When grown at 28°C the *suner1-1* mutant forms mostly small nodules.(c) At 7 and 14 days after inoculation (dai), fully emerged nodules were categorized as either large or small; values in (c) represent the mean ± 95% CI (*n *=* *7). The asterisk indicates a significant difference (Student\'s *t*-test, *P *≤* *0.05).](tpj0078-0811-f3){#fig03}

Inspection of roots that had been stained for β-galactosidase reporter activity showed that the formation of root hair ITs was unaffected in *suner1-1* grown at 28°C. However, as observed at 21°C (Figures[2](#fig02){ref-type="fig"}e and [4](#fig04){ref-type="fig"}a), their progression was stalled as they looped within the epidermis or subepidermal cortex above the subtending NP (Figure[4](#fig04){ref-type="fig"}b, c). The NP appeared to be even less developed at 28°C in comparison with *suner1-1* grown at 21°C (compare Figure[4](#fig04){ref-type="fig"}a and b). This suggests that in *suner1-1* the increased temperature primarily affects development of the NP and not the behavior of ITs. Importantly, analysis of F~2~ segregants derived from a cross between *suner1-1* and wild-type *L. japonicus* Gifu (see *suner1-1* attenuates symbiotic development) confirmed co-segregation of the homozygous *suner1-1* allele with the mutant nodulation phenotype observed at 28°C (Table S1 in Supporting Information). Nevertheless, even under these conditions the *suner1-1* mutant phenotype remained ephemeral and mostly wild-type nodules were present at 21 dai.

![Infection threads are misguided in *suner1-1*.Seedlings were inoculated with *Mesorhizobium loti* carrying the *hemA*:*LacZ* reporter gene, stained at 7 days after inoculation for β-galactosidase activity and sectioned longitudinally. Note the looping infection threads (IT) within the root epidermis and/or subepidermal cortex above subtending nodule primordia (NP). This phenotype was observed in *suner1-1* plants grown at both 21°C (a) and 28°C (b, c).](tpj0078-0811-f4){#fig04}

*SUNER1* encodes a predicted subunit A of a topoisomerase VI
------------------------------------------------------------

A classical linkage analysis positioned the *SUNER1* locus on chromosome 5 between flanking markers TM0696 and BM2365 (Figure S2a, b). In parallel, the entire genome of *suner1-1 har1-1* was sequenced using next generation sequencing and compared with the wild-type *L. japonicus* genome sequence. (<http://www.kazusa.or.jp/lotus/index.html>). A single nucleotide polymorphism (G610 to A) that was well-supported by the sequencing data, with 16× coverage of the relevant region, was located between the two flanking markers. As this polymorphism was associated with a predicted gene model (Figure S2c), this region was considered as a viable candidate for the *SUNER1* locus.

The corresponding full-length mRNA was characterized as being 1508 bp long, including 78- and 161-bp 5′ and 3′ untranslated regions (UTRs), respectively (see *suner1-1* attenuates symbiotic development). Inspection of the *L. japonicus* Gene Atlas data (Verdier *et al*., [@b69]) showed that this mRNA is present in all *L. japonicus* tissues tested, including uninoculated roots and nodules (Figure S3).

Alignment of the genomic and mRNA sequences confirmed the structure of the candidate *SUNER1* gene as being composed of two exons and one intron (Figure S2c). The *SUNER1* transcript contains an open reading frame of 422 amino acids, encoding a predicted protein with a high homology to several known or predicted DNA topoisomerase VI subunit As (TOP6A) from various plants and from *Sulfolobus shibatae*, an archeobacterium (Figure S4; see also Table S2). SUNER1 shows the highest homology (90% identity and 95% similarity) to a predicted TOP6A from *Arachis hypogaea* and shares significant homology (85% identity and 93% similarity) with ROOTHAIRLESS2 TOP6A (RHL2) from *Arabidopsis thaliana* (Table S2). Importantly, all of these proteins, including SUNER1 and the archetypal TOP6A from *S. shibatae*, share the two-domain structure that is characteristic of TOP6A (Figure S5). They contain the TP6A_N domain, which is thought to be involved in DNA binding based on its sequence similarity to *Escherichia coli* catabolite activator protein (CAP), and the topoisomerase-primase (TOPPRIM) domain (Aravind *et al*., [@b1]; Nichols *et al*., [@b48]). The *suner1-1* mutation leads to a predicted substitution of the conserved valine204 (V204), which is located close to the C-terminal end of the predicted CAP domain, to methionine (Figure S5).

*SUNER1* complements the mutant phenotype
-----------------------------------------

In order to confirm that the correct candidate gene was selected, an *in planta* complementation experiment was performed. *Agrobacterium rhizogene*s-mediated transformation of wild-type *L. japonicus* Gifu shoots produced hairy roots that readily developed large, pink nodules (Figure[5](#fig05){ref-type="fig"}a). In contrast, the hairy roots that formed on *suner1-1* shoots exaggerated, to some extent, the mutant phenotype forming a decreased number of mostly small nodules (Figure[5](#fig05){ref-type="fig"}b). When supplemented with the wild-type copy of the *SUNER1* gene, the ability to form large, pink nodules was restored to *suner1-1* (Figure[5](#fig05){ref-type="fig"}c, d). Taken together the map-based cloning, genome sequencing and complementation analyses showed that the *TOP6A-*like gene corresponds to the *L. japonicus SUNER1* locus.

![*SUNER1* restores wild-type nodule formation to *suner1-1*. (a)--(c) A genomic fragment containing the entire *SUNER1* locus was introduced by *Agrobacterium rhizogenes-*mediated transformation to generate transgenic hairy roots on non-transgenic shoots. Representative images of transgenic hairy roots that were inoculated with *Mesorhizobium loti* are shown for the positive control (a, wild-type Gifu + pKGWD,0 empty vector), negative control (b, *suner1-1 *+* *pKGWD,0 empty vector) and the complementation experiment (c, *suner1-1 *+* *pKGWD,0 containing the *SUNER1* gene).(d) Scores of nodules formed on transgenic hairy roots 14 days after inoculation; values represent the mean ± 95% CI (*n *=* *10). The asterisk indicates a significant difference (Student\'s *t*-test, *P *≤* *0.05).](tpj0078-0811-f5){#fig05}

*suner1-1* nodules show decreased levels of 16C and 32C nuclei under elevated temperature
-----------------------------------------------------------------------------------------

As DNA topoisomerase VI is known to be involved in DNA replication (Yin *et al*., [@b73]), we have tested the possibility that SUNER1 TOP6A functions to mediate endoreduplication of nodule cells, presumably beyond the 8C level (Hartung *et al*., [@b23]; Sugimoto-Shirasu *et al*., [@b63]).

At 14 dai, when grown at 21°C, *suner1-1* nodules resemble those of wild-type *L. japonicus*, but this was the earliest time point when a sufficient amount of nodule tissue could be harvested from unprocessed (i.e. without clearing) *L. japonicus* roots in order to perform flow cytometry experiments. In *L. japonicus* wild-type and *suner1-1* leaves, approximately 90% of nuclei were at the 2C (diploid) level, with the maximum ploidy at 4C (Figure S6). By contrast, 4C nuclei were the most abundant (about 60%) in uninoculated roots of both genotypes, with the highest ploidy being at 8C. Similar to uninoculated roots, 4C nuclei represented the most abundant category in 14-day-old nodules; however, in both the wild type and *suner1-1* the highest ploidy reached the 32C level. In three independent biological replicates, the 2C and 32C nuclei categories appeared somewhat underrepresented in *suner1-1* nodules, although the overall peak patterns in leaves and roots were similar between wild type and *suner1-1* (Figure S6).

Because the *suner1-1* phenotype was more distinct at 14 dai when plants were grown at 28°C (Figure[3](#fig03){ref-type="fig"}), the ploidy levels of nodules were re-evaluated under these conditions (Figure[6](#fig06){ref-type="fig"}). The distribution of categories of nuclei in wild-type nodules was virtually unchanged from that determined for wild-type plants grown at 21°C (Figures[6](#fig06){ref-type="fig"} and S6). In contrast, *suner1-1* nodules showed a shift toward lower ploidy levels, with the presence of only a very small peak for 16C and a total absence of 32C nuclei (Figure[6](#fig06){ref-type="fig"}).

![The effect of *suner1-1* on the nodule cell ploidy at 28°C.Representative flow cytometric histograms of wild-type (top panel) and *suner1-1* (lower panel) nodules are shown. In total, 37 304 and 37 184 nuclei were measured in wild-type and *suner1-1* nodules, respectively, in three biological replicates. Note that nodules were collected from roots at 14 days after inoculation.](tpj0078-0811-f6){#fig06}

Discussion
==========

Here, we describe the identification and characterization of a *L. japonicus* symbiotic mutant that carries the *suner1-1* allele. The presence of this allele imposes a weak symbiotic defect, as reflected in a transitory incompatibility between the developing NP and approaching bacterial infection. We show that the *L. japonicus SUNER1* locus encodes a predicted subunit A of the TOP6 enzyme, suggesting that the presence of the intact TOP6A is necessary for normal progression of bacterial infection and timely differentiation of nodules.

Suner1 TOP6A
------------

Unlike other eukaryotes, plants contain three different TOP6A homologs (SPO11-1, SPO11-2 and SPO11-3/RHL2) and a single homolog of the B subunit (AtTOP6B) (Hartung and Puchta, [@b22]). Arabidopsis AtSPO11-3/RHL2 and AtTOP6B interact, forming a functional A~2~B~2~ TOP6 enzyme (Sugimoto-Shirasu *et al*., [@b63]). However, additional interacting proteins, including ROOT HAIRLESS 1 (RHL1; Sugimoto-Shirasu *et al*., [@b64]), MIDGET is the nuclear protein (Kirik *et al*., [@b32]), and BIN4, a plant-specific DNA-binding protein (Breuer *et al*., [@b4]), were shown to be essential components of an active TOP6 complex.

A great deal of study has been directed towards unraveling the role of TOP6 in plants. In contrast to AtSPO11-1 and AtSPO11-2, which like *Saccharomyces cerevisiae* SPO11 are involved in meiosis (Keeney *et al*., [@b30]; Stacey *et al*., [@b62]), AtSPO11-3/RHL2 has an essential function during somatic development (Yin *et al*., [@b73]), including cell proliferation, endoreduplication, chromatin remodeling and transcriptional regulation (Hartung *et al*., [@b23]; Simková *et al*., [@b60]). Typically, deleterious mutations in Arabidopsis *AtSPO11-3*/*RHL2*, *RHL1*, *MIDGET, BIN4* or *AtTOP6B* result in dwarf phenotypes, but they may also cause plant death within a few weeks after germination (Hartung *et al*., [@b23]). These effects have been associated primarily with a deficiency in cell proliferation and reduced endoreduplication (Hartung *et al*., [@b23]; Sugimoto-Shirasu *et al*., [@b63], [@b64]; Breuer *et al*., [@b4]; Kirik *et al*., [@b32]). The functional characterization of *suner1-1* highlights the relevance of TOP6A during differentiation of nodules in *L. japonicus*.

During NP formation, differentiation follows the initial cell divisions and includes endoreduplication of a subset of participating cortical cells (Foucher & Kondorosi, [@b15]; Kondorosi *et al*., [@b35]). The latter process was shown to be essential in establishing functional symbiosis. Downregulation of the anaphase-promoting complex activator CCS52A, which is involved in the transition from mitosis to the endoreduplication cycle, drastically restricts nodule development in *M. truncatula* (Vinardell *et al*., [@b70]). This is reflected by lower cell ploidy, a decreased size of nodules and nodule cells, defects in infection and the inability to establish and/or maintain symbiotic cells, which eventually leads to the death of both bacterial and plant cells (Vinardell *et al*., [@b70]). Several of these defects, including the initial formation of small NP and nodules, aberrant infections and lower ploidy levels of nodule cells under elevated temperature, were observed in *suner1-1*, consistent with the possible role of SUNER1 TOP6A in the differentiation of *L. japonicus* nodules. This notion is further supported by the recent characterization of the *L. japonicus vagrant infection thread 1* (*vag1*) mutant, which exhibits a strong defect in nodule formation and misdirected ITs. This mutant carries a deleterious mutation in a predicted ortholog of Arabidopsis *RHL1*, which encodes a component of the TOP6 complex (Dr Takuya Suzaki; National Institute for Basic Biology, Japan, personal communication).

*suner1-1* is a weak allele
---------------------------

Unlike downregulation of CCS52A, the *suner1-1* mutation does not lead to early senescence of nodule cells. Furthermore, the *suner1-1* mutation does not prevent the initial cell divisions for NP formation nor does it have any apparent pleiotropic effect, such as dwarfism.

At the protein level, the *suner1-1* mutation is predicted to change V204 to methionine. This substitution is located between the two predicted domains of the protein. Our data, however, point to the functional significance of V204, perhaps consistent with its overall conservation in different species (see Figure S5). Nonetheless, it is likely that the mutant SUNER1-1 TOP6A protein remains active*,* although not to the same extent as in the wild type. This could explain the weak and ephemeral mutant nodulation phenotype of *suner1-1*. The same might account for the lack of an apparent pleiotropic effect of the *suner1-1* mutation*,* although an alternative explanation is also possible.

In plants such as *A. thaliana*, *M. truncatula* or *Lupinus albus* different tissues and organs contain highly endoreduplicated nuclei (Kondorosi *et al*., [@b34]; Gonzalez-Sama *et al*., [@b19]). A survey of various mature *L. japonicus* tissues, on the other hand, showed that only roots and nodules contain highly polyploid nuclei (Gonzalez-Sama *et al*., [@b19]). The results of flow cytometric analyses of *L. japonicus* leaves, roots and nodules performed during the course of this work (see Figure S6) are consistent with these earlier observations.

If the presence of highly endoreduplicated (i.e. 16C and 32C) nuclei is uniquely or predominantly a feature of nodules in mature *L. japonicus* plants, this could explain why the effect of the *suner1-1* mutation was only observable in this particular tissue. Although TOP6 is involved in the cell cycle and endoreduplication, other DNA topoisomerases can perform these functions (Sugimoto-Shirasu *et al*., [@b64]). However, TOP6 appears to be essential for a cell to reach a ploidy level beyond 8C (Sugimoto-Shirasu *et al*., [@b64]). Consistent with this prediction, mutations that impair various components of the TOP6 complex lead to the absence of nuclei with higher ploidy (Hartung *et al*., [@b23]; Sugimoto-Shirasu *et al*., [@b63], [@b64]; Yin *et al*., [@b73]).

It remains unclear why the *suner1-1* mutation lowers the proportion of 2C nuclei, in addition to 32C nuclei, in plants grown at 21°C. Nevertheless, the finding that at an elevated temperature of 28°C the *suner1-1* mutation preferentially limits the frequency of 16C and 32C nuclei in nodules might be indicative of the functional relevance of SUNER1 TOP6A during the endoreduplication-dependent differentiation of nodule cells. However, we cannot entirely rule out direct involvement of TOP6A in mediating bacterial infection, although we consider this to be less likely. Root hair ITs form abundantly in *suner1-1*. Moreover, defects in NP formation have been reported to be associated with the presence of misguided ITs (Murray *et al*., [@b47]) and the *L. japonicus vag1* mutant displays a strong deficiency in NP formation (see above). It is more likely that the primary defect in *suner1-1* is a transitory impairment in the differentiation of NP cells and/or subepidermal cortical cells, which normally act to facilitate the passage of ITs into the deepest region of the root cortex. Whether the observed deficiency in *suner1-1* symbiosis is primarily based in the faulty progression through endocycle, as suggested by our flow cytometric data (Figure[6](#fig06){ref-type="fig"}), or reflects other cellular functions of TOP6, such as chromatin remodeling and gene silencing, remains to be further established.

Experimental procedures
=======================

Plant material, growth conditions and observations of nodulation phenotypes
---------------------------------------------------------------------------

*Lotus japonicus* seeds were germinated as described previously (Szczyglowski *et al*., [@b65]). Germinated seedlings were transplanted into pots containing sterilized vermiculite:sand (6:1) and were grown at 21 or 28°C under the conditions described in Murray *et al*. ([@b46]). To visualize the symbiotic bacteria, wild-type and *suner1-1* seedlings were inoculated with *M. loti* strain NZP2235 carrying the *hemA::LacZ* reporter gene. Root samples were harvested 7, 14 and 21 dai, fixed and histochemically stained for β-galactosidase activity as previously described (Wopereis *et al*., [@b71]). In addition to whole root observations, longitudinal and cross-sections of root segments were generated by embedding the stained root in 3% (w/v) agar blocks and sectioning these specimens to a thickness of 30 μm using a Leica VT 1000S vibratome (Leica Microsystems Inc., <http://www.leica-microsystems.com/>).

A Nikon SMZ1500 (Nikon, <http://www.nikon.com/>) and a Zeiss Axioskop 2 (Zeiss, <http://www.zeiss.com/>) were used for microscopic observations. All images were captured with a Nikon DXM1200 digital camera. TIFF format images were created by ACT-1 image software (Nikon).

Nuclear DNA isolation for mapping and next-generation sequencing
----------------------------------------------------------------

Crude genomic DNA preparations were obtained from single leaves using the cetyl-trimethylammonium bromide (CTAB) method (Doyle and Doyle, [@b13]). To isolate a high molecular weight nuclear DNA for the purpose of next-generation sequencing, approximately 2 g of *sup8-1A* fresh leaf tissue was pulverized in liquid nitrogen. Powder was suspended in 20 ml of ice-cold 1× HB homogenization buffer (10× HB stock: 0.1 [m]{.smallcaps} Trizma Base, 0.8 [m]{.smallcaps} KCl, 0.1 [m]{.smallcaps} EDTA, 10 m[m]{.smallcaps} spermine, 10 m[m]{.smallcaps} spermidine) containing 0.5 [m]{.smallcaps} sucrose, 0.5% (v/v) Triton X-100 and 0.15% (v/v) β-mercaptoethanol, by gentle swirling on ice for about 10--15 min. The suspension was filtered through two layers of Miracloth and the resulting filtrate was centrifuged at 1800 ***g*** in a swinging bucket rotor for 15 min at 4°C. The pellet containing the nuclei was gently washed in 1×  HB buffer and centrifuged at 1800 ***g*** for 5 min at 4°C. The pellet was resuspended in 500 μl of pre-heated CTAB buffer \[2% CTAB (w/v), 100 m[m]{.smallcaps} 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, pH 8.0, 20 m[m]{.smallcaps} EDTA, pH 8.0, and 1.4 [m]{.smallcaps} NaCl\] and incubated for 30 min at 60°C with gentle shaking at 300 r.p.m. Extraction with 500 μl of chloroform:isoamylalcohol (24:1) was followed by centrifugation at 6000 ***g*** for 10 min at 4°C and recovery of the aqueous phase to a new tube. Following RNase treatment at 37°C for 30 min, 0.6 volume of ice-cold isopropanol was added, mixed and incubated for 1 h at −20°C. The DNA was collected by centrifugation at 3500 ***g*** for 6 min at 4°C. The resulting pellet was washed with 70% (v/v) ethanol, dried and resuspended in 55 μl of EB buffer (Qiagen, <http://www.qiagen.com/>).

Map-based cloning of the *SUNER1* locus
---------------------------------------

The rough map position of the *SUNER1* locus was initially established using 16 mutants selected from the F~2~ population obtained by crossing *sup8-1A* with the polymorphic MG20\_*har1-1* introgression line (Murray *et al*., [@b46]). The same F~2~ population was utilized for more extensive linkage analysis. In a uniform background of *har1-1* (note that both crossing partners carry the homozygous *har1-1* mutation) only the *suner1-1* allele was expected to segregate. Strict phenotypic selection criteria based on a smaller number of visible nodules and relatively longer roots were applied to select *sup8-1A* F2 segregants. Approximately 14000 F~2~ individuals were germinated and 3264 selected mutants were used to analyze recombination events to further delineate the flanking region. Markers used in these analyses were simple sequence repeats (SSRs) obtained from the publicly available *L. japonicus* genome website (<http://www.kazusa.or.jp/lotus/clonelist.html>). Polymerase chain reactions (PCRs) were performed using GenScript *Taq* polymerase (GenScript USA Inc., <http://www.genscript.com/>). The conditions for amplification of SSR molecular markers were as follows: denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec, extension at 72°C for 30 sec, for a total of 40 cycles, followed by a final extension phase of 72°C for 7 min.

Next-generation sequencing and bioinformatic analyses
-----------------------------------------------------

Next-generation sequencing of the *sup8-1A* nuclear DNA was performed in the DNA Technologies Laboratory at the NRC Plant Biotechnology Institute (Saskatoon, Canada) using an Illumina Genome Analyzer IIx sequencer (<http://www.illumina.com/>). Thirty-seven million reads from two Illumina libraries, a 101-bp paired-end library with 200--300-bp insert size and a 38-bp mate-pair library with a 2.3 kb insert size, were aligned to the *L. japonicus* MG20 release 2.5 reference genome (<http://www.kazusa.or.jp/lotus/>) using [Bowtie]{.smallcaps} version 0.12.3 (Langmead *et al*., [@b37]). The candidate region on chromosome 5 was subsequently annotated for SNPs using SHOR[Emap]{.smallcaps} (Schneeberger *et al*., [@b58]).

Isolation of the *suner1-1* single mutant
-----------------------------------------

*sup8-1A* (i.e. *suner1-1 suner1-1/har1-1 har1-1* genotype) was crossed with wild-type *L. japonicus* Gifu. The resulting F~1~ plant was self-fertilized to generate a segregating F~2~ population from which a homozygous *suner1-1* single mutant, carrying the wild-type *HAR1* locus (i.e. *suner1-1 suner1-1/HAR1 HAR1* genotype), was selected. The presence or absence of the *har1-1* allele was determined using a cleaved amplified polymorphic marker as previously described (Karas *et al*., [@b28]). The *SUNER1* locus was genotyped using the method of bidirectional PCR amplification of specific alleles (Bi-PASA) as described in Liu *et al*. ([@b41]). Two sets of primers, namely the outer *SUNER1* Bi-PASA primer pair P and Q and the inner *SUNER1* Bi-PASA primer pair A and B were used (see Table S3).

Characterization of the *SUNER1* mRNA using 5′ and 3′ rapid amplification of cDNA ends (RACE)
---------------------------------------------------------------------------------------------

Total RNA was extracted from wild-type roots (14 days after sowing) using the RNeasy Plant Mini kit (Qiagen). First-strand cDNA was generated using the High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems, <http://www.appliedbiosystems.com/>).

The 5′ and 3′ RACE experiments were performed using the FirstChoice® RLM-RACE kit (Ambion, [www.lifetechnologies.com/ca/en/home/brands/ambion.html](http://www.lifetechnologies.com/ca/en/home/brands/ambion.html)) following the manufacturer\'s protocol. The *SUNER1* cDNA ends were amplified using the primer pairs as described in Table S3. The amplified PCR fragments were cloned into pGEM®-T Easy vector (Promega, <http://www.promega.com/>) and sequenced.

*In planta* complementation experiments
---------------------------------------

The entire *SUNER1* locus (5889 bp), including 3077 and 1409-bp 5′ and 3′ UTRs, respectively, was PCR amplified using the *SUNER1* genomic forward and reverse primers (Table S3) and the LjT08O17 genomic contig (<http://www.kazusa.or.jp/lotus/release1/predict/cgi-bin/get_seq.cgi?type=fas&db=clone&id=LjT08O17>) as the DNA template. The touchdown PCR cycling conditions were as follows: initial denaturation stage of 98°C for 30 sec, a first cycling phase with 5 cycles of 98°C for 10 sec, 60°C for 30 sec, 72°C for 3 min, a second cycling phase with 20 cycles of 98°C for 10 sec, 55°C for 30 sec, 72°C for 3 min, and a final extension period of 72°C for 10 min. The forward primer had been extended by a CACC sequence on the 5′ end to facilitate the directional cloning into the pENTR®/D-TOPO entry vector (Invitrogen, [www.lifetechnologies.com/ca/en/home/brands/invitrogen.html](www.lifetechnologies.com/ca/en/home/brands/invitrogen.html)). The cloned *SUNER1* gene was then recombined from the entry vector through an LR reaction into the pKGWD,0 destination vector (Karimi *et al*., [@b29]). The integrity of the complementation construct was confirmed by DNA sequencing and restriction enzyme analyses. Once confirmed, the pKGWD,0--*SUNER1* complementation construct was transformed into *Agrobacterium rhizogenes* strain AR1193. Transformation was conducted as described by Petit *et al*. ([@b55]) using wild-type and *suner1-1* plants. Plants that developed hairy roots at the site of infection were transplanted into sterilized vermiculate soil and grown for 5 days prior to inoculation with wild-type *M. loti*. Two weeks after inoculation, the nodulation phenotypes of at least 10 independent plants per genotype were evaluated.

Segregation analysis of the temperature-sensitive phenotype
-----------------------------------------------------------

A segregation analysis was performed to confirm that the *suner1-1* mutation co-segregates with the mutant phenotype observed at 28°C. A total of 187 F~2~ individuals segregating the *suner1-1* allele were grown at 28°C and categorized based on their nodulation phenotype at 14 dai as either wild type (134 individuals) or *suner1-1* (53 individuals). Subsequently, all individuals were subjected to genotyping at the *SUNER1* locus. With the exception of six individuals, which had poor nodulation and were initially categorized as *suner1-1* but had the wild-type genotype, all remaining, phenotypically selected mutants were confirmed as being homozygous *suner1-1* plants while all wild-type individuals were either homozygous dominant (*SUNER1 SUNER1*) or heterozygous (*SUNER1 suner1-1*) at the locus. This analysis confirmed co-segregation of the temperature-sensitive phenotype with the *suner1-1* mutation while also providing independent confirmation of the recessive monogenic nature of the mutation.

Flow cytometric analyses
------------------------

Nuclei were extracted from various wild-type and *suner1-1* tissues in LB01 buffer (Dolezel *et al*., [@b11]). Approximately 100 mg of tissue was submerged in 1 ml of LB01 buffer in a plastic Petri dish and chopped with a razor blade for 30 sec. The homogenate was filtered through CellTrics® 30-μm sample filters (Partec, <http://www.partec.com/>) yielding approximately 600 μl of filtrate, which was incubated on ice in the dark for 20 min. Following the incubation, the filtered nuclei were analyzed using a BD FACSCalibur Flow Cytometer (eBioscience Inc., <http://www.ebioscience.com/>). Accession number: The *SUNERGOS1* gene sequence can be found in the GenBank under the following accession number: KJ671531.
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**Figure S1.**Number of infection threads in wild-type *Lotus japonicus* Gifu and *suner1-1*.

**Figure S2.** Map-based cloning of the *SUNER1* locus.

**Figure S3.***SUNER1* is expressed in various *Lotus japonicus* tissues.

**Figure S4.** SUNER1 shares homology with known TOP6A proteins from different species.

**Figure S5.** Amino acid sequence alignment.

**Figure S6**. Ploidy levels in wild-type *Lotus japonicus* Gifu and *suner1-1*.
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**Table S1.**Similarities and identities between TOP6A proteins from different organisms.

**Table S2.** Genotypes of 187 F~2~ individuals segregating the *suner1-1* mutation at 28°C.

**Table S3.** List of primers.
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